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 GRAVITATIONAL WAVE SOURCES
" F1.ECTROMAGNETIC, AND PARTICLE GOUNTERPARTS
.S‘IGI.\I'ATURES FROM STELLAR:CQ,MPACT OB} ECT.BIEAI.{IE_S. ., &
X SIG‘NATURES FROM STIN.CLE' STELLAR C()LLAPSE- - R—P_RQCES{S. N COLLAPSARJ ETS

| SIGNATURES FROM BBH IN ACCRETI()N DISKS

SICNATURES FROM EXTREME MASS RATIO INSPIRALS

? SIGNATURES FROM MBH/SMBH 'BINARIE.S |

WHAT NEXT?
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(GRAVITATIONAL WAVE SOURCES

THE SPECTRUM OF GRAVITATIONAL WAVES @ €S4d

Observatories Ground-based "~ Space-based observatory ' Pulsar timing array Cosmic microwave
& experiments experiment ‘ ’ : background polarisation

-

Timescales milliseconds seconds hours years billions of years

nJ

Frequency (Hz) 100 1 10 10 10°® 10°® 1016

Cosmic fluctuations in the early Universe

Cosmic _.,/ R e, T e
oA Compact object falling R -l
onto a supermassive ' Tmassi
Supernova Pulsar S lack hole Merging supermassive black holes

=
' 5. 2=

Merging neutron Merging stellar-mass black holes Merging white dwarfs
#lisa stars in other galaxies in other galaxies In our Galaxy
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Mark Garlick

Carl Knox

.3 | NEUTRON STAR-BLACK HOLE

ESA

IscaMaya, Sara Panica

P

R o W
g f“\\% .

] - >"( \:« —‘k,_

§ e Pl — é S

e 2N » . P N

" | DOUBLE NEUTRON STAR

- | WHITE DWARF-BLACK HOLE

COMPACT OBJECT MERGERS

Sarin & Lasky 2021 time [lllb‘]

NEUTRON STAR-WHITE DWARF
SHORT GAMMA-RAY BURST

— | .ONG GAMMA-RAY BURST

| .OW LUM. GAMMA-RAY BURST

DOUBLE BLACK HOLE PECULIAR TRANSIENT



MASSIVE STAR COLLAPSE
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SUPERNOVA
| .ONG GAMMA-RAY BURST

SHORT GAM!\TA-RAY BURST

Aaron M. Geller, Northwestern,/ | , ‘ . ; " , | | _' | ‘ .' 1 KILONOVA FROM

CI1ERA/IT Research
R-PROCESS IN GRB JETS!



PROMPT GAMMA- o s v
RAY BURST

(external shock wave)
Colliding shells emil

low-energy gamma rays ~ FER-eekg

AL O IMMm ray
[internal shock wave| ZASLIE LS b

Siow

Facster shell
Low-enerqy shell
Jomma rays

Visible light

2acio

NON-SPHERICAL
MASS DISTRIBUTION

Black hole
engine

\-‘
Prompt 'M
emission

fferglow
Inset image credit: NASA .
NEUTRINOS & COSMIC RAYS?? AFTERCLOW \

UHE GAMMA-RAYS

Apparent AB magnitude

GRB 130427A

Time since merge- [d|

£BL absorption (e ~"#

EMISSION POWERED BY /@/ “;2
RADIOACTIVE DECAY. fan

) 10° 10° 10" 10°
time since GBM trigger (s)

14 GHz, 2V, 10 keV, 100 MeV flux (mJy)

3x10""
Energy (eV)




KILONOVAE



1010 | —Hydrogen
“—Helium

—— Total abundances in the solar system
—— r-process contribution

108 . .
o S-process contribution
c 106
(C
2 Gold &
3 104 Platinum
(O
U 102 . L Clalely
= Lithium \ Rare-earth
© ; elements
o 10 _ — A \

_, |Big Bang Supernovae AN MWI
10 . g y
10-4 Stars
0 25 50 75 100 125 150 175 200

Data sources:

e A0 A o oo Mass number (neutrons + protons)

Courtesy of Jonas Lippuner



KILONOVAE ASSOCIATED WITH SHORT GRBS - GRBI7O817
DOUBLE NEUTRON STAR MERGER ORIGIN

Hantord, Washington (K1) Livingston, Lowisiana (L1)
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KILONOVAE AND R-PROCESS IN DOUBLE NEUTRON STAR MERGERS

5000

10000 20000

Drout et al.
2017
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KILONOVAE ASSOCIATED WITH LONG GRBS - GRB230307A

Clear emission feature seen at ~2.14 microns at both 29 O,
and 61 days, consistent with Telll. Redder features e 35 L5060 kal
compatible with lines from Se IIl and W Il ‘ B3 = 100-900 keV

— 29 days — 29-day model Photometry, 61 days S | Levan et al 2023

— b1days ® Photometry, 29days @ AT2017gfo, 43 days
AT2017gfo, 10 days

Levan et al 2023
Te ll] Wil (Se lll]

2.5 3.0 s 4 Sk X

Observed wavelength (microns) Time since trigger (s




KILONOVAE ASSOCIATED WITH LONG GRBS - GRB2IT2ITA

time (days from trigger) (a) GRB 211211A: Swift/BAT

01 1 : Normalized Counts, 15-25 keV
T TTT] l | T T TTT] = I Normalized Counts, 25-50 keV
. Normalized Counts, 50-100 keV
Normalized Counts, 100-150 keV
Normalized Counts, 15 - 150 keV
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(b) GRB 211211A: Fermi/GBM

Normalized Counts, 8-900 keV
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DOUBLE NEUTRON STAR MERGERS
AS R-PROCESS SITES:

* NOT EASY TO MAKE A LONG GRB (GRB230327, GRB2II2IIA)

* STRUGGLE TO EXPLAIN THE ABUNDANCES OF VERY METAL POOR
STARS IN THE MILKY WAY (E.G. C. KOBAYASHI ET AL 2023)

R-PROCESS IN COLLAPSAR JETS!



NEUTRONS FROM HADRONIC PHOTO PRODUCTION IN COLLAPSAR JETS
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Mumpower, Lee, L-R. et al. 2025



ANL-Osaka Photohadronic Cross Section :
Model jet-cocoon-

envelope region

-~ y+n->n%+n vy+p-o>n+p
y+n-=n +p —— y+p-=>0+n

— —1
Mumpower, Lee, I(t) = T,(p(D)/p,)
Lloyd-Ronning. et
al. 2025 Pen1) = po(r/R) (1 = r/R.)?

[
-
-
(G

2

3
-
o

S
O
@
V)
)]
"
Qo
-

O

Phead = €Peny

Yp 1
400 600 800 1000 1200 1400 1600 Ye — p—
Photon energy, E, (MeV) Yn + Yp €(mp/me) + ]

p() = p (1 +tlt; + (t/7,)%)!



Sim A
Light r-
process

Sim B:
Robust r-
process

R-PROCESS AT JET HEAD IN A COLLAPSAR!
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Mumpower, Lee, L-R. et al. 2025



GRB 230307A

M=0.1Mgyg,v=0.1c, Sim A, Light r-process
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Courtesy Marko Ristic, Oleg Korobkin



GRB 21121TA

M=0.1My, v=0.2c, Sim A, Light r-process
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Courtesy Marko Ristic, Oleg Korobkin



ULTRA HIGH ENERGY GAMMA-RAYS IN GRBS
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[LHAASO COLLABORATION - GRB221009A

— WCDA shape
GRB 221009A —— KM2A data
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BinArRY Br.aAck HoLE MERGERS IN AGN DIisks

(a) 2R
gBL AGN disk

CPrs \

{44

cdge
jet ’

|

breakout emission

Breakout emission from a solitary black hole
embedded 1n an AGN disk - produced
episodically after replenishment of gas to the
black hole (see Tagawa et al. 2022)

Tagawa et al. 2023

breakout
emission

merger

—_—

Breakout emission from a merger remnant spin
reoriented after merger, and the jet again
collides with unchecked AGN gas, producing
emission after the merger.




SPECTRA OF BBH MERGERS IN AGN DISKS

Tagawa et al. 2023
(b) R=10"2 pc
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MEANwW HILE, TIMESCALE AND LIGHTCURVES DEPENDS ON MANY THINGS...




BBH MERGERS IN AGN DISKS: GRB IQOIQA

— 15-25 keV
25-50 keV

— 50-100 keV

—— 100-350 keV
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1.0 050219A, 211211A

W |

100
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Time (

Long GRB (T90 ~ 65s) located < 100pc to nucleus
of old (>1Gyr) galaxy, no star formation, z=0.248.

GRB luminosity more consistent with sGRB.
(Levan et al. 2023)

—— Photosphere
—— Shocks
Prompt lightcurve model

¢ GRB191019A

Rest-frame time since trigger (s)

Fit well by external shock/
reverse shock scenario:
BBH merger 1in very dense
medium e.g. AGN disk.
(Lazzati et al. 2023)



GW DETECTOR SENSITIVITY

Resolvable galactic
binaries
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E.XTREME MASS RATIO INSPIRALS AND FRBS

Katz et al. 2021

0.0001  0.0002 0.0006  0.0007
t (yrs) tiyrs)  +1.999

Cosmic Comb ; L[\ e
v )
'1

(AGN, GRB, SN, etc) | N |

| l
WWM’M !

-lllllllllllIllllllllllll-

Intensity

500 600 700 800 900
Time (milliseconds)

Ram pressure of stream > magnetic pressure of
magnetosphere. Field modified, large energy

COSMIC COMB; ZHAN G 2017 release on short timescales — FRB!




Effective strian for different parameters

~—— LISA (tops = 4.0 yr)
— TianQin

Li et al 2023 EMRI_FRB q:

COSMIC COMB

Effective strain

AND GW SIGNAL

1073 1072
Frequency (Hz)

. Bl?i Ps B, aupgm Liny Imerge
(10°7) (107°G) (s) (mG) (10" "pc) ' (yr)

10 10 2.54 1.99 x 10° - 61

1 1 8.05 1.99 x 10* | 62

10 3.2 25.4 2.01 x 10° 6190
100 10 80.5 1.99 x 10° 1.56 x 10’
10 1 80.5 1.99 x 10° 5890




EMRI-FRBs: Cosmic comB AND EM s1GNAL

1 — P1 — P5 — P16 — P24 — P50 — P78
MM i m
1,500 fe | . \ |
= | | |
|
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T
2 o |
%) - o, |
Q - : |
C : :
5 - = - e
g 1,250 . -l ——-j - o F-:
o
J. :

S L bl o P e et e N = 14 15 PRANSST R PR S RESSEURICNIEAR, ittty . 1~ 8 T ROt o Tt = s Fonoghom A o,
100 =100 0 100 =100 0 100 =100 0 100 -100 0 100 =100
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)

FRB 20190520B; Niu et al. 2022

I'HIS MODEL. CAN ACCOMMODATE REPEATERS



BINARY WHITE DWARF MERGERS

Assumptions:
He det on C/O core > 0.8 My — SN Ia
Central p > 4 x 10° g/cm?

and O/Ne core — collapse to NS
Negligible mass loss as giant

Shen 2015

. sdB 'sdO ' C/O WD
(R CrB) !
C/0 WD

O/Ne giant

Fe CC

.
<
5‘

R CiB
0. Ne WD

M, /Mg

Galactic Background
I MDBIIBs at 2

¥ Venhcation Binaries

RN T e T T

EMRI Harmonics
LIGO-type BHBs
GW150914

* val. Bin. (SNR > 7

Characteristic Strain

aal

— .. WS-

\

Characteristic Strain

-l J.‘L;A;._A - &AL

Observatory

- = lOotal

. ; 7
i 44/

107 10
Frequency (Hz)

Amaro-Seoane et al. 2017

Many potential EM counterparts
depending on mass ratio, tides,
mass transfer, etc




IMBH/MBH BINARIES

(zalactic Background
I MBHBs at z = 3
- Verification Binaries
EEMRI Harmonics
LIGO-type BHBs
GW150914
Gal, Bin, (SNR > 7)
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Observatory
Characteristic Strain

- = |0tal

Frequency (Hz)

Amaro-Seoane et al. 2017

i 8 4~
. : - ‘ :
Image(s) reproduced with permission from Tang et al. (2018), copyright by the authors

Surface density around equal mass
My = 106M@ BBH over timescale of

~ 1 week (from Tang et al 2018
reproduced 1n Bogdanavic et al 2022)




E:M SIGNALS FROM MBH BINARIES

(e) post-mergér max

e

30M

(a) gauge peak

|

(d) merger blip

LPoynt @ R

‘ (¢) inspiral

(b) steep rise

|
|
|
I
|
|
|
|
|
|
I
|
I
|
|

e : 1000 2000 3000 4000 5000
time (hours) t [M]

Image(s) adapted from [left] Palenzuela et al. (2010b), copyright by AAAS; and [right] from Kelly et al. (2017), copyright by APS

Poynting Luminosity 1n near vacuum Poynting Luminosity for merger in radiatively
for merger with My, = 105M inefficient magnetized gas, p = 10 Pgem™; 1t
B = 10*G; Merger at t=0 = 0.14hr; 1L= 10*ergs~!




E:M SIGNALS FROM
circumbinar
IMBH/ MBH BINARIES lobisks

accretion streams
total

1.8 [ Phase=0.40 Phase=0.50 Phase=0.60
1.4 +
1.0 |
0.6 F
0.2 F

.8  Phase=0.70 Phase=(.80 Phase=0.90
1.4

1.0 } d’Ascoli et al. 2018

0.6 F —— T
oo | 1015 1016 1017 1018 1019 1020
| 1 1 | ] 1 ] 1 1 1 v [Hz]
02 06 10 14 18 02 06 10 14 18 02 06 10 14 1.8

2

Jovanovic et al. 2014
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Spectrum from non-spinning
Evolution of iron K-alpha profile for equal mass My, = 10° M_ BBH, 2nd orbit, initial

binary, different orbital phases. Two slowly

C , , separation of 20 M, accretion at half
spinning BH with separation a=2000M, ¢=0.75.

Eddington, view 1s face on
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E:M SIGNALS FROM SMBH BINARIES

T

} PG1302-102
- - 1 T 1 ITIHI T 1 llYlll' 1 1 TIIIHI 1 T TYTTH' | T 1177117

(a) P =1 yr 109 Mo
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1ll l

: pal 1
1017

1018

vl ~i"1..ul
104 1015

A A | v (HZ)
2,000 3,000 4,000 5,000 6,000 7,000

M = 40,1 SMBH binary spectra at different

Optical and UV light curve, period ~ 1884 orbital periods (solid line);
days, My, ~ 10°M; Graham et al. 2015 Tanaka et al. 2012




NEXT ERA ()F oW OBSERVATORIES OPENS THE WIND()W
T() ()UR UNIVERSE MUCH WIDER i - 5

: ;iNOVEL MECHANISMS FOR R—PROCESS HEAVY ELEMENT
| PRODUCTION NEW MECHANISMS F()R FRBS

' UNDERSTANDING EM COUNTERPARTS TO THE GW e
--,EMISSION IS NECESSARY TO UNRAVELLING THE PHYSICS <
OF OUR UNIVERSE . S | .
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Sim A: Sim B: Sim C:

Light r-process Robust r-process 1-process
T, =2x10°K T,=2x10°K T,=0.1x10°K
E=2 E=2 E=3.5
r=10"cm r=10"cm r=5.3x10"cm
T, =17, = 3.5x10°s T, =17, = 3.5x10°s 7, =1, = 3.5x10%
€ =2 € = 238.3 € = 2382.2
p, = 3.2x10%g/cm’ P, = 8.9x10°g/cm? p, = 6.5x10°g/cm’
Y, =0.334 Y, =0.034 Y, = 0.0035

Mumpower, Lee, L-R. et al. 2024



-—- |IGRB
IGRB, jet evol
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3 x10° 4 x10°
(1+2)

C()NTRIBUTI()N FR()M WHITE DWARF BLACK H()LE MERGERS

. L-Retal., 2024



1 2
Hydrogen Hellum
o 6 9

3 4 7 8 10

Lithium Beryliium Boron Carbon Nitrogen Oxygen Fluorine Neon
1 12 13 14 15 16 17 18
Sodium Magnes... Aluminium Silicon Phosph... Sulfur Chlorine Argon
19 22 23 3

K Ca Sc T V Cr Mn Fe Co Ni Zn Ga Ge As Se Br Kr

Potassium Caleium  Seandium Titanium Vanadium Chromium Mangan Iron Cabalt Nickel C ) Zine Gallium Germani Arsenic Selenium  Bromine Kryptan
39 43 49 22 23

Rb Sr Y 2Zr Nb Mo Tc Ru Rh Pd Cd In Sn Sb Te | Xe

Rubidium Strontium Yitrium Zirconium Nobium Molybde... Techneti... Ruthenium Rhodium Palladium iver Cadmium Indium Tin Antimony  Tellurium lodine Xenon
73 74 75 77 85

Cs Ba La Hf Ta W Re Os Ir Pt Hg TI Pb Bi Po At Rn

Caesium Barium Lanthan... Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Mercury Thallium Lead Bismuth Polonium  Asialine Radon
104 105 106 10/ 108 109 110 13 14 115 116 11/ 18

Fr Ra Ac Rf Db Sg Bh Hs Mt Ds Ch Nh FI Mc Lv Ts Og

Francium Radium Actinium Rutherfo... Dubnium Seaborg... 2ohrium Hassium Meitneri... Darmsta... Roenige... Coperni... Nihonium Flerovium Moscovi... Livermor... . Oganes...

o8 29 60 61 62 63 64 65 66 67 68 69 70 71
Cerium Preseod... Neodym... Prometh... Samarium Europium Gadolini... Terbium Dyspresi... Holmium Erbium Thulium  Ytterbium  Lutetum
D2 03 100 101 102 103
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NEUTRONS FROM HADRONIC PHOTO PRODUCTION IN COLLAPSAR JETS
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Figure 4. A simplified hadronic reaction network start-
ing with 100% protons (yellow). Neutrons (red) and pions
(green) are produced nearly instantancously. Baryon num-
ber is conserved (solid black line), despite neutrons escaping
to another zone (blue); Meson number is not a conserved
quantity (green).
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